CORONARY ARTERIOGRAPHY is the primary modality used to identify and select therapy for patients with coronary artery disease. However, currently available techniques for assessing the magnitude and functional significance of coronary atherosclerotic stenoses by angiography have significant limitations. A variety of imaging problems, including overlapping of vessels and influence of collateral blood flow, have been demonstrated to interfere significantly with the
interpretation of coronary angiograms. I Angiographic estimates of coronary obstruction may not correspond to subsequent pathologic examination, and significant intraobserver and interobserver differences have been reported in the interpretation of angiograms.2A Because the severity of a stenosis is conventionally measured as the percent reduction of luminal area, diffuse coronary atherosclerosis with a superimposed discrete lesion may result in an underestimation of the absolute obstruction. Accordingly, even when coronary obstructions are well visualized by angiography, the severity of narrowing may remain uncertain.
Traditional coronary angiography provides little information regarding the physiologic consequences of coronary stenoses. The usual estimate of coronary obstruction, percent luminal narrowing, does not relate in a linear fashion to loss of perfusion or functional reserve.' Furthermore, angiographic luminal reduction CIRCULATION 
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does not always predict the decrease in resting coronary blood flow or maximal coronary reserve capacity that is produced by a lesion. I Thus percent stenosis alone may be an unreliable measure of the physiologic consequences of coronary obstruction and an imperfect standard upon which to base therapeutic decisions. In contrast to the limitations inherent in the assessment of percent luminal narrowing, determination of coronary reactive hyperemia has been shown to accurately reflect the physiologic consequences of coronary lesions.
The recent development of digital imaging techniques, specifically digital subtraction angiography, provides a potential method for quantitative analysis of coronary flow dynamics and reserve. Digital techniques convert the video output from an image intensifier into a number of small discrete boxlike compartments referred to as picture elements, or pixels. The brightness of each pixel is then expressed as a numerical value. Accordingly, an analog video image can be converted to a numerical map whose values can be measured or adjusted by standard mathematical methods. Because the brightness of each pixel is determined by the volume of contrast within it, this technique provides a mechanism for the quantitative analysis of coronary blood flow and thereby the assessment of reactive hyperemia.
The objective of this study was to assess the ability of digital angiography to determine the physiologic significance of coronary stenoses produced in a canine preparation of coronary artery disease. Specifically, we sought to validate the accuracy of digital angiographic methods to detect and quantify reductions in coronary flow reserve secondary to stenoses of varying magnitude.
Methods
Animal preparation. Nine conditioned dogs weighing 25 to 30 kg were used in this investigation. The animals were pretreated with morphine sulfate (3 mg/kg), and anesthesia was induced with a-chloralose and urethane. The animals were mechanically ventilated with room air, a thoracotomy was performed, and the heart was placed in a pericardial sling. The circumflex coronary artery was dissected free of the epicardial surface and an clectromagnetic flow (EMF) probe (Zepeda Instruments) was placed on this vessel as proximal as possible. Two Silastic pneumatic occluders were placed distal to the EMF probe, one to create a variable stenosis and the other to produce temporary total occlusion as a stimulus for reactive hyperemia. A right atrial pacemaker was implanted via an epicardial needle clectrode and the animal was atrially paced at a rate 10 beats/ min greater than the resting heart rate. The instrumentation of the left circumflex artery is illustrated in figure 1. A EMF analysis. The EMF signal was recorded on a strip-chart recorder equipped with an event marker to signal the injection of radiographic contrast at the beginning of each sequence. A consistent reduction (always less than 50%) in the EME signal was observed during the transit of contrast dye during each injection (figures 2 and 3). Work in our laboratory and by others has indicated that this reduction in signal is not an artifact related to the electromagnetic properties of radiographic cont rast but likely represents a true fall in coronary flow. 10`Thus no comparable reduction of the EMF signal was observed when radiographic contrast was injected into a constant flow model in vitro comprised of rubber tubing and saline. The effects of contrast on coronary flow represented a potentially confounding variable that could be eliminated by beat-by beat evaluation of the EMF tracing. Accordingly, for the purposes of this investigation, mean coronary blood flow was measured by planimetry of the EMF tracing throughout the cardiac cycle over the time fratne corresponding to acquisiticon of the imaging sequence. In this fashion, the same beats were examined by both the EMF method and the image analysis algorithms. TFo further cvaluate the impact of contrast agent on coronary flow, a separate analysis was performed in which the EMF flow for both the basal and hyperemic sequences was defined as the mean flow immediate-EGG EltttMtti,s AgP- of the left circumflex coronary artery (figure 1). Subsequently, a separate analysis of the myocardium was carried out analogous to previous work by others in which an average measurement of appearance time for multiple pixels was performed. 10 1 For this analysis, eight interactively selected regions of interest were positioned along the course of the circumflex coronary artery over the myocardium perfused by this vessel.
Intensity-time curves for these regions of interest were produced by plotting summated brightness vs time. Several sets of intensity-time curves were computed for each injection. In one family of curves, the summated intensity values for ROI 1 minus the summated gray values for the background (ROI 2) was plotted (figure 6). The subtraction of values from ROI 2 served as a method to correct for the contribution of myocardial opacification to the summated gray values for the coronary region of interest. A second family of curves was created that used the single myocardial region of interest (ROI 3). These curves represented the summated pixel values for ROI 3 minus the value obtained from the first end-diastolic frame of each study for this same region (figure 7). Thus these latter curves reflect the incremental changes in intensity for the myocardial region of interest referable to the first cardiac cycle. Finally, a series of similar curves was generated for the eight myocardial regions of interest positioned adjacent to the circumflex artery.
Data analysis. For each pair of injections, the mean planimetered electromagnetic coronary blood flow under hyperemic conditions was divided by the mean flow under basal conditions to obtain an index of coronary reserve capacity.
In addition, a similar index of coronary reserve was constructed as the ratio of electromagnetic coronary flow during hyperemia before contrast injection hyperemia divided by flow under basal conditions. The intensity-time curves obtained from 566 the digital images were analyzed in a comparable fashion. Thus, for the coronary region of interest, an index of coronary reserve was calculated as the ratio of the area under the time-intensity curve obtained during hyperemia divided by the area under the basal curve but expressed as an inverse to be comparable to values by EMF ( figure 6 ). For the myocardial region of interest, two measurements were analyzed: the time to peak myocardial opacification and the myocardial contrast disappearance rate ( figure 7) . Time-to-peak myocadial contrast was defined as the time in seconds between the beginning of contrast injection and the maximal opacification of the single myocardial region of interest. The measurement of time-to-peak opacification was also computed from the curves of eight distinct regions of interest distributed throughout the perfusion bed of the circumflex.
The individual values for these eight regions were then averaged to obtain a mean appearance time.
Contrast disappearance rate was measured only for the single myocardial region of interest (ROI 3) and was calculated as the time from peak myocardial opacification to decay to one-half of the maximal summated intensity. Indexes of coronary reserve were then calculated as the ratio of basal to hyperemic measurements.
Statistical analysis. The ratio of hyperemic to basal electromagnetic coronary flow represented actual coronary reserve capacity and was compared by linear regression analysis with the ratio derived from the area of the intensity-time curves for the coronary region of interest. Similarly, the ratio of hyperemic to basal values for the time-to-peak contrast and disappearance rate of contrast derived from the myocardial region of interest was compared by linear regression analysis to the ratio obtained by electromagnetic flow meter. A correlation coefficient and the regression line were calculated for each of the comparisons. region of interest correlated moderately with the EMF ratio (r = .68). The slope of the regression line was small (y = 0. 16 x + 0.97), reflecting the lesser ratios computed by this method of image analysis compared with EMF ( figure 8 ). The correlation of hyperemic to basal ratios of time-to-peak myocardial opacification with EMF was not improved by averaging of appearance time for eight regions of interest in the circumflex perfusion bed (r = .60, y = 0. 15 x + 1.01)).
The results of analysis for measurements of the contrast disappearance rate for the simple myocardial region of interest (ROI 3) and EMF flow are displayed in figure 9 . The ratio of basal to hyperemic values for contrast decay rate varied from 0.6 to 2.0:1 for this method of curve analysis. Accordingly, contrast decay ratios also failed to achieve a range comparable to EMF. When the ratio of basal to hyperemic flow derived from the contrast decay rate was compared with EMF ratios, the correlation was poor (r = .34). Thus the contrast disappearance rate for a myocardial region of interest was not closely related to the extent of hyperemia in this animal preparation of coronary artery disease.
With the coronary region of interest, the ratio of the area under the intensity-time curve during hyperemic and basal periods yielded values that varied from 0.9:1 to 4.5:1. Thus the ratios of area measurements derived from the background-corrected coronary curves (ROI 1 -ROI 2) were similar in magnitude to those obtained by EMF ( figure 10 ). Linear regression analysis performed for the ratios derived from the angiographic 2. The correlations between EMF ratios and all three methods of image analysis were similar when EMF was taken as the mean flow before contrast injection rather than during passage of contrast. For the time-topeak, contrast-decay, and intensity-time integral methods, correlation was r = .88, r -.38, and r -.67, respectively. Thus angiographic measurements derived from the integral of intensity-time curves for the coronary region of interest provided a good method by which to quantify coronary flow reserve and correlated closely with EMF ratios determined from flow either before or during contrast injection.
Discussion
Conventional angiography has significant limitations in assessing the severity of reduction of coronary cross-sectional area and provides virtually no information regarding the physiologic significance of coronary stenoses. However, coronary reactive hyperemia has been demonstrated to be an excellent physiologic descriptor of coronary reserve.6 The recent development of digital angiography offers the potential for a readily accessible, quantitative approach to the assessment of coronary flow reserve. The results of this study establish the ability of digital angiographic techniques to quantitate reactive hyperemia during coronary angiography and thereby to evaluate the physiologic consequences of a coronary obstruction.
568
To validate digital angiographic methods in this study, we developed an experimental preparation that enabled accurate quantitation of maximal coronary flow reserve and allowed control of multiple potential variables. Application of EMF measurements provided a precise and continuous record of coronary flow, while total vessel occlusion produced maximal coronary reactive hyperemia. The animals were atrially paced to prevent changes in heart rate during imaging that might interfere with comparison of pairs of measurements. A very small catheter (No. 5F) was used to prevent obstruction by the catheter from influencing maximal coronary hyperemia. This smaller catheter is suitable for digital angiography because the improved contrast sensitivity of the method requires less radiographic dye. The absence of encroachment upon flow by the catheter was confirmed by obtaining a comparable increase in hyperemic flow before and after cannulation of the circumflex artery. Subselective catheter placement was used so that the effects of contrast run-off in the left anterior descending coronary artery would not interfere with circumflex measurements. An electrocardiogram-gated power injector enabled exact and reproducible quantities of contrast to be injected in the same phase of the cardiac cycle at precise flow rates.
Several approaches to computer analysis of digital subtraction angiograms are feasible. Each type of analysis is based on inherent theoretical assumptions and practical limitations. In this investigation we assessed three methods proposed for evaluation of coronary reserve from digital angiography: an index of myocardial contrast appearance time,'°0 11 the disappearance rate of myocardial contrast,`2 and the area under the timeintensity curve obtained from the coronary vessel."3 Although we also planned to examine the area under the time intensity curve from a myocardial region of interest, recording a complete curve would have required continuous imaging for greater than 20 sec, a capacity not present with existing equipment.
Measurement of myocardial contrast appearance time has been proposed as an accurate and reproducible technique for the assessment of coronary flow reserve.'0`This method is based on the assumption that coronary flow velocity will increase under conditions of reactive hyperemia, thus resulting in a more rapid transit of dye from the site of injection to the myocardial capillaries. Theoretically, a physiologically significant coronary stenosis would blunt this increase in velocity and therefore would be detectable as a delay in myocardial contrast appearance time. In this study we used time to maximal myocardial opacifica-
tion as the appearance time, rather than the time between injection and the recording of any threshold of intensity. The maximal ratio of hyperemic to basal values for the time to peak myocardial contrast was only 1.8:1, and only a moderate correlation (r = .68) was observed with the ratio of hyperemic to basal coronary flow measured by an EMF probe. This correlation was not improved by calculating the average appearance time for eight regions of interest distributed throughout the circumflex perfusion bed (r = .60). Thus, in this preparation, time to peak myocardial contrast was not sufficiently sensitive to separate various degrees of impairment of coronary reserve produced by graded stenoses. The explanation for the failure of peak myocardial contrast appearance time to more closely reflect impaired coronary flow reserve in this study is uncertain and may be related to the interaction of several complex factors. A major limitation of this measurement is the temporal resolution of densitometric analysis of digital angiography. Since intensity is constantly changing during systole and diastole, analysis is feasible only if the myocardial region of interest is assessed during the same phase of each successive cardiac cycle. Thus the sampling rate for appearance time is realistically limited to one data point for each cardiac cycle. Averaging of appearance times for multiple regions of interest permits calculation of values that are intermediate in terms of cardiac cycle, but in this experiment did not demonstrate a closer correlation to EMF ratios.
One potential explanation for the failure of appearance time to predict flow reserve relates to the theory underlying analysis of appearance time. Velocity of flow increases in large epicardial coronary vessels during postischemic hyperemia, since there is a greater volume of flow through a relatively constant crosssectional area. However, this increase in velocity is produced primarily by the augmented cross-sectional area of the dilated resistance vessels at the arteriolar level. Accordingly, if myocardial opacification is caused by appearance of contrast in the capillary bed, a lesser augmentation of velocity in the dilated arterioles than in the larger vessels may result in a blunting of the net velocity increase. Another factor that may influence the correlation between appearance time and EMF coronary reserve is that the capacitance effect produced by the coronary vascular tree may be greater than appreciated. Finally, since both increased coronary perfusion pressure and flow cause changes in the geometry of the ventricular wall, appearance time or any other density measurements in a myocardial region Vol. 73, No. 3, March 1986 of interest will reflect not only coronary flow but also volume and density changes in the underlying myocardium. The limitations of the contrast appearance approach in dogs under these highly controlled circumstances is also likely to pertain to the clinical analysis of human coronary disease.
Another measurement performed from the time-intensity curves was the rate of disappearance of contrast from the myocardial region of interest during basal and hyperemic conditions. The ratio of contrast decay rate was compared with the ratio of hyperemic flow to basal for the EMF probe. This method of analysis assumes that, under conditions of hyperemia, the disappearance rate of contrast from the myocardium will be increased. Presumably, this increase in contrast washout rate under hyperemic conditions would be attenuated in the presence of physiologically significant stenosis. This method of analysis yielded a poor correlation with EMF reserve (r = .34).
The failure of measurements of myocardial contrast disappearance rate to discern graded impairment of coronary flow reserve was not entirely surprising. Radiographic contrast is not inert but is capable of inducing an intense hyperemic response (figure 2). Thus attempts to measure contrast decay rate under any conditions are influenced by the presence of contrast medium itself, thereby augmenting the decay rate even in the absence of induced hyperemia. The flow conditions during myocardial washout are strongly influenced by contrast-induced hyperemia during the myocardial perfusion phase. This augmentation in flow reaches maximum and subsequently declines during myocardial opacification. Although the precise temporal relationship between myocardial and coronary flow is unknown, based on this observation it is likely that myocardial washout takes place in a "non-steadystate" condition. Accordingly, the decay curves observed in this investigation did not One final methodologic problem was the assumption that contrast injected in the coronary vessel was the sole source of opacification within the region of interest during the period of analysis. Because injection of contrast in the vessel ultimately results in myocardial opacification, the assumption that all contrast in the coronary region of interest reflected coronary opacification was not correct. In this investigation, therefore, we subtracted from the coronary region of interest the summated density for a region of identical size overlying the adjacent myocardium (ROI 2, figure 1) .
Measurement of the area under the contrast timeintensity curve for the coronary region of interest showed a close correlation with EMF ratios. The magnitude of the maximal basal to hyperemic flow ratio calculated by this type of indicator dilution analysis (4.5:1) was comparable to that obtained by EMF probes (4.2:1). Furthermore, the correlation coefficient between the ratio of basal to hyperemic flow by area measurement and the EMF probe was r = .86 and the regression equation was close to the line of identity. Thus this method of analysis seems promising in evaluation of coronary flow reserve in man. There are several significant advantages to estimation of physiologic reserve by analysis of area under a curve derived from a coronary region of interest. Since the transit time is short, an imaging sequence of only 6 to 8 sec is required rather than 15 sec for analysis of myocardial The results of this study have significant implications for the clinical evaluation of patients with coronary artery disease. The data from this investigation document that the appearance and disappearance of radiographic contrast in digital angiograms can be quantitated and used to estimate relative volumetric coronary artery blood flow. Although additional development will be required to apply these techniques in the clinical arena, the data from the present study have established that computer analysis of digital subtraction angiograms contains the requisite information to assess the physiologic significance of coronary stenoses.
